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ABSTRACT
Congenital heart disease often features structural abnormalities that
emerge during development. Accumulating evidence indicates a
crucial role for cardiac contraction and the resulting fluid forces in
shaping the heart, yet the molecular basis of this function is largely
unknown. Using the zebrafish as a model of early heart
development, we investigated the role of cardiac contraction in
chamber maturation, focusing on the formation of muscular
protrusions called trabeculae. By genetic and pharmacological
ablation of cardiac contraction, we showed that cardiac contraction
is required for trabeculation through its role in regulating notch1b
transcription in the ventricular endocardium. We also showed that
Notch1 activation induces expression of ephrin b2a (efnb2a) and
neuregulin 1 (nrg1) in the endocardium to promote trabeculation and
that forced Notch activation in the absence of cardiac contraction
rescues efnb2a and nrg1 expression. Using in vitro and in vivo
systems, we showed that primary cilia are important mediators of
fluid flow to stimulate Notch expression. Together, our findings
describe an essential role for cardiac contraction-responsive
transcriptional changes in endocardial cells to regulate cardiac
chamber maturation.
KEY WORDS: Cardiac chamber maturation, Trabeculation, Blood
flow, Cardiac contraction, Notch, Neuregulin 1, Zebrafish, Primary
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INTRODUCTION
Congenital heart diseases often feature structural abnormalities that
arise from defects in the development of the heart during
embryogenesis (Chin et al., 2012; Samsa et al., 2013). The heart
is the first organ to function, yet the details of its formation are only
partly understood. In vertebrates, cardiac morphogenesis
commences as the two bilateral cardiac primordia fuse at the
ventral midline to form the linear heart tube, which is composed of a
luminal endocardial layer and an immature myocardial layer
(Fishman and Chien, 1997; Harvey, 2002; Olson and Srivastava,
1996; Staudt and Stainier, 2012; Yelon, 2001). Concomitant with
cardiac contraction, the primitive heart tube develops into a
multichambered functional organ that grows and matures through
a series of complex morphogenic processes collectively known as
cardiac chamber maturation (Moorman and Christoffels, 2003;
Samsa et al., 2013).
As a part of chamber maturation, cardiac trabeculation is a tightly
regulated process by which ventricular cardiomyocytes protrude
and expand into the lumen of the ventricular chambers to form
ridge-like muscular structures called cardiac trabeculae (Liu et al.,
2010; Peshkovsky et al., 2011). Trabeculae increase cardiac output
and allow for nutrition and oxygenation of the myocardium before
coronary vascularization and are required for establishment of the
mature conduction system of the developing ventricle (Lai et al.,
2010; Liu et al., 2010). Thus, failure to form cardiac trabeculae
causes embryonic lethality, and subtle perturbations of this process
could lead to congenital cardiomyopathy (Jenni et al., 1999).
Crosstalk between endocardial and myocardial cells is important
for cardiac maturation. Zebrafish cloche mutants that do not form
endocardial cells fail to develop trabeculae and ultimately die,
presumably from heart failure (Peshkovsky et al., 2011; Stainier
et al., 1995). Mice deficient in the epidermal growth factor (EGF)
receptor ligand neuregulin 1 (Nrg1), which is expressed in the
endocardium and signals through the myocardial ErbB4-ErbB2
receptor complex, fail to form trabeculae (Gassmann et al., 1995;
Lee et al., 1995; Meyer and Birchmeier, 1995). Likewise, inhibition
of Nrg1-ErbB signaling in zebrafish embryos completely blocks
trabeculation (Liu et al., 2010; Peshkovsky et al., 2011; Samsa et al.,
2013; Staudt et al., 2014). Notch ligands and receptors are expressed
in endocardial cells during development, and Notch signaling
regulates many aspects of endothelial biology, including artery-vein
specification, angiogenesis and proliferation (Benedito and
Hellstrom, 2013; Corada et al., 2014; de la Pompa and Epstein,
2012; Gridley, 2010). Upon ligand binding, the cleaved Notch
receptor intracellular domain (NICD) translocates to the nucleus,
where it acts as a co-factor to promote transcription of Notch
effectors, including ephrin B2, an essential upstream regulator of
Nrg1 signaling (Grego-Bessa et al., 2007). Despite this knowledge,
questions remain on whether this epistasis is a requirement for all
vertebrate cardiac trabeculation, the precise spatiotemporal roles of
these genes and the roles of mediators upstream of Notch.
An increasing body of evidence suggests that the biomechanical
forces generated by the functioning embryonic heart could influence
cardiac chamber maturation, underscoring the importance of a
dynamic relationship between cardiac form and cardiac function
(Auman et al., 2007; Bartman et al., 2004; Dietrich et al., 2014;
Hove et al., 2003; Kalogirou et al., 2014; Lin et al., 2012; Peralta
et al., 2013; Stainier et al., 2002; Vermot et al., 2009; Yang et al.,
2014). Interestingly, in zebrafish and chick embryos, reducing
blood flow through the ventricle significantly impairs cardiac
trabeculation (Peshkovsky et al., 2011; Sedmera et al., 1999; Staudt
et al., 2014). Nonetheless, how the mechanical stimulus is sensed
and translated into spatial and temporal signals to regulate cardiac
trabeculation through regulatory interaction with other myocardial
signals remains largely unexplored.Received 27 April 2015; Accepted 15 October 2015
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Here, we show that cardiac contraction is required for
trabeculation through its role in initiating notch1b transcription in
the ventricular endocardium. Active Notch1 signaling is detectable
throughout the ventricular endocardium within 4 h of initiation of
contraction and is restricted to the endocardial cushions during
trabeculation. We further demonstrate that Notch1 activation
induces the expression of its downstream effectors ephrin b2a
(efnb2a) and neuregulin 1 (nrg1) in the endocardium to regulate
initiation of trabeculation. This endocardium-specific notch1b
expression, and subsequent activation, requires functional primary
cilia and the flow-responsive transcription factor Klf2a. Also,
cultured endothelial cells respond to shear stress in a cilia-dependent
manner to upregulate Notch1 and its downstream effectors,
suggesting a role for primary cilia flow detection in endocardial
Notch activation. Together, our findings suggest that in early
cardiac morphogenesis, endocardial cells respond to cardiac
contraction by detecting flow with primary cilia to regulate
trabeculation by epistasis of notch1b, efnb2a and nrg1.
RESULTS
Cardiac contraction is required for myocardial trabeculation
One of the earliest signs of cardiac chamber maturation is the
formation of muscular, luminal protrusions called cardiac
trabeculae. In zebrafish, cardiac trabeculae begin to form around
55 hours postfertilization (hpf ) and are easily detectable at 3 days
postfertilization (dpf ) by examining cross-sections of ventricle outer
curvature (Liu et al., 2010; Peshkovsky et al., 2011; Staudt et al.,
2014). Although the basic structure of the heart can form in the
absence of myocardial function, some morphogenic events require
cardiac contraction. To determine whether cardiac contraction is
required for trabeculation, we examined embryos deficient in
troponin T type 2a (cardiac) (tnnt2a), which encodes an essential
component of the contractile apparatus (Sehnert et al., 2002). We
injected Tg(myl7:dsRed); Tg(kdrl:GFP) double transgenic embryos
(labeling cardiomyocytes and endothelial cells, respectively) with
standard control or tnnt2amorpholinos and assessed the presence of
trabeculae at 3 dpf (Fig. 1A). Like tnnt2a−/− hearts, the non-
contractile tnnt2a morphant hearts underwent relatively unaltered
looping morphogenesis and chamber formation at 3 dpf, but
notably, failed to form trabeculae (Chi et al., 2008; Staudt et al.,
2014; Fig. 1B-C″).
In order to determine whether failure to form trabeculae results
from a direct role of Tnnt2a or is more generally associated with
contraction deficiency, we tested whether the trabeculation defects
observed in tnnt2a morphants could be recapitulated by chemical
inhibition of cardiac contraction. We thus treated Tg(myl7:dsRed);
Tg(kdrl:GFP) embryos with vehicle or a pharmacological inhibitor
of contraction from 22 hpf to 3 dpf (Fig. 1D). The hearts of embryos
treated with blebbistatin, a myosin II ATPase inhibitor, were non-
contractile on day 3 and strongly resembled tnnt2amorphants in that
both myocardial and endocardial layers formed, but trabeculae were
absent in the ventricle (Fig. 1E-E″). We further tested the effect of
inhibition of cardiac contraction with verapamil, an L-type calcium
channel blocker, and observed similar results (Fig. S1A-C′).
Together, these data suggest that cardiac contraction is an
important regulator of cardiac trabeculation.
Cardiac contraction is required for endocardial Notch
activation and notch1b transcription
Cardiac contraction exerts mechanical forces on both myocardium
and endocardium, and trabeculation requires crosstalk between
these two layers (Tian and Morrisey, 2012; Wagner and Siddiqui,
2007). Thus, we next sought to determine whether any signaling
pathways are activated in the ventricle in response to cardiac
Fig. 1. Cardiac contraction is required for myocardial trabeculation. (A,D) Schematic diagrams of (A) morpholino (MO) injection at one-cell stage or
(D) pharmacological inhibition of cardiac contraction (6 μM blebbistatin) from 22 hpf. The morpholino-injected or chemical-treated Tg(kdrl:EGFP); Tg(myl7:
dsRed) double transgenic embryos were allowed to develop further and examined for cardiac trabecular phenotypes at 3 dpf. (B,C,E) Maximal projection of
confocal z-stacks reveals the overall shape of the heart. (B′,C′,E′) Mid-chamber confocal optical section of the same hearts shown in B,C,E. (B″,C″,E″) Magnified
high-resolution images of the cardiac regions marked by dotted lines in B′,C′,E′. White arrows point to trabeculae. a, atrium; v, ventricle. Scale bars: 50 μm in
C′,E′; 10 μm in C″,E″.
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contraction. Using Tg(Tp1:EGFP) Notch reporter embryos, in
which the Notch1-responsive Tp1 module drives EGFP as a
fluorescent readout for active Notch1 signaling (Parsons et al.,
2009), we assessed Notch activation in control and tnnt2a
morphants (Fig. 2A). At 48-50 hpf, Notch activation in control
morphant hearts was robust in the ventricular endocardium and
atrioventricular canal (AVC), with occasional weak signal
detectable in the atrium (Fig. 2B-C″). Interestingly, Notch
activation was below the limit of detection in tnnt2a morphant
hearts of embryos examined in whole-mount or in confocal images
(Fig. 2D-E″). By contrast, Notch signaling was robust in the brains
of control and tnnt2a morphants, indicating a specific role for
cardiac contraction in regulating endocardial Notch signaling
(Fig. 2B,D). Similar results were observed with dimethyl sufoxide
(DMSO)- and blebbistatin-treated embryos compared with control
and tnnt2a morphants, respectively (Fig. S2A-C″). These data
indicate that cardiac contraction is required for Notch activation in
the endocardium at 2 dpf.
We next sought to identify the primary Notch receptor mediating
Notch activation in the endocardium. Using a previously described
morpholino to knock down notch1b (Milan et al., 2006;Wang et al.,
2010) in Tg(Tp1:EGFP); Tg(myl7:dsRed) double transgenic
embryos, cardiac Notch activation was below detection in
notch1b morphant hearts at 48-50 hpf (Fig. 2F-G″). To determine
whether cardiac contraction regulates Notch1 activation by
controlling notch1b gene transcription, we performed in situ
hybridization at 48-50 hpf. notch1b expression mirrors Tg(Tp1:
EGFP) Notch reporter expression in the heart at 48 hpf, but was
below the limit of detection in tnnt2a−/− hearts (Fig. 2H,I). Thus,
cardiac contraction controls Notch1 signaling by regulating notch1b
expression. Together, these findings indicate that cardiac
contraction regulates notch1b at the transcript level in the heart.
Our studies do not exclude the possibility that the mechanical forces
associated with contraction might also regulate Notch receptor
activation.
Spatiotemporal pattern of Notch activation
In order to gain a better understanding of how Notch activation
might stimulate trabeculation, we characterized the spatiotemporal
pattern of Notch activation in the developing zebrafish heart using
the Tg(Tp1:VenusPest) Notch reporter transgenic line which
expresses, under control of the Tp1 Notch response element, a
partly destabilized fluorescent protein with a half-life of
approximately 2 h compared with the 24 h half-life of GFP
protein (Aulehla et al., 2008; Ninov et al., 2012). The use of this
reagent afforded us greater spatial and temporal resolution to
Fig. 2. Cardiac contraction is required for endocardial Notch activation and notch1b transcription. (A) Schematic diagram of morpholino (MO) gene
knockdown experiment, in which double transgenic Tg(Tp1:EGFP); Tg(myl7:dsRed) embryos were injected with (B,C) control, (D,E) tnnt2a or (F,G) notch1b
morpholinos and imaged at 48-50 hpf. (B,D,F) Representativewhole-mount images of Notch reporter with cardiac regions highlighted by circles. (C,E,G) Confocal
maximal intensity projections of the hearts shown in (B,D,F) with cardiomyocytes labeled in red, (C′,E′,G′) Notch reporters in green and (C″,E″,G″) colocalized
signal in yellow. Minimal colocalization indicates that Notch activation is in endocardial cells. (H,I) Whole-mount notch1b riboprobe hybridization in (H) control and
(I) tnnt2a−/− embryos, with the heart outlined in red. Scale bar: 50 μm. a, atrium; v, ventricle.
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determine the time window of Notch activation in the ventricular
endocardium. VenusPest expression was first detectable in the
endocardium at 28 hpf, merely 4 h after initiation of contraction,
with substantial spatial bias towards the end of the heart tube
containing ventricular cardiomyocytes (Fig. 3A). VenusPest
expression in the ventricular endocardium persisted until 55 hpf,
after which it declined in parts of ventricular endocardium lining the
outer curvature (Fig. 3B-D). By 72 hpf, VenusPest expression was
primarily restricted to AVC endocardium, and was retained in the
AVC until at least 4 weeks postfertilization (Fig. 3E,F; Fig. S3A).
Thus, within the limits of reporter expression, Notch signaling is
activated throughout the ventricular endocardium shortly after
initiation of contraction, but becomes inactive shortly after the
initiation of cardiac trabeculation and is completely restricted to the
AVC by 3 dpf.
Cardiac contraction promotes trabeculation through
notch1b-efnb2a-nrg1 epistasis
Our data demonstrate that, although Notch is required for
trabeculation, it is not active in the ventricular endocardium
during trabeculation, indicating that it controls trabeculation
through intermediate signaling pathways. A recent report by
Dietrich et al. (2014) demonstrated that blood flow and Bmp
signaling regulate zebrafish endocardial chamber morphogenesis
in a vascular endothelial growth factor (Vegf) signaling-
independent manner. Interestingly, endocardial Notch activation
and myocardial trabeculation appear to be independent of
canonical Vegf signaling (Fig. S4). However, the arterial
endothelial marker gene ephrin B2 (Efnb2) is required for
trabeculation in mice directly downstream of the Notch1
transcriptional complex and upstream of neuregulin 1 (Nrg1)
(Grego-Bessa et al., 2007). We evaluated the role of these genes in
cardiac trabeculation by assessing trabeculation at 3 dpf in notch1b
and efnb2a morphants. Using previously described splice-blocking
morpholinos for notch1b and efnb2a (Milan et al., 2006; Wang
et al., 2010), we knocked down their expression by at least 75% in
the heart (Fig. S5A-D). At 3 dpf, notch1b and efnb2a morphants
lacked trabeculae, whereas control morphants had trabeculae in the
outer curvature (Fig. 4A-C′). To test further whether that Notch
signaling is required for trabeculation in zebrafish, we examined
mindbomb1 (mib1) mutants that are defective in Notch signaling
because of a loss-of-function point mutation in the gene mindbomb
E3 ubiquitin protein ligase 1. mib1 encodes an E3 ubiquitin ligase
required for canonical trafficking of Notch ligands (Itoh et al.,
2003). At 3 dpf, trabeculae were completely lacking in the
ventricle of these mutant embryos (Fig. S6A,B).
To test whether efnb2a and nrg1 could act downstream of Notch
signaling to control cardiac trabeculation, and to establish the
epistasis of these genes in zebrafish cardiac maturation, we assessed
their expression in the zebrafish heart and found that notch1b,
efnb2a, nrg1 and their principal ligand or receptor partners are
expressed at 48-50 hpf (Fig. S7). We isolated hearts at 48-50 hpf
and found that tnnt2a morphants had significant reduction in
notch1b, efnb2a and nrg1 expression, whereas notch1b morphants
had significant reduction in efnb2a and nrg1 transcripts levels
(Fig. 4D,E). By contrast, notch1b expression and Notch activation
pattern were not affected in efnb2a morphants, but nrg1 expression
was significantly reduced (Fig. 4F; Fig. S8). Notably, these defects
in gene expression do not reflect failure of the endocardium to form,
because both endocardium and myocardium are present at 3 dpf
(Fig. 4A-C′). Combined, these data suggest that cardiac contraction
is required for trabeculation by activating a regulatory notch1b-
efnb2a-nrg1 pathway.
Next, we asked whether forced activation of Notch signaling
could bypass the requirement for cardiac contraction in
trabeculation. To this end, we overexpressed the Notch
intracellular domain to activate Notch signaling using the
Tg(hsp701:gal4); Tg(UAS:NICD) system in control and tnnt2a
morphants carrying the Tg(Tp1:EGFP) and Tg(myl7:dsRed)
transgenes (Fig. 5A). All embryos were exposed to 37°C heat
shock to activate Gal4 expression and, as an indication of forced
Notch activation, we observed a dramatic increase in Tp1:EGFP
across all somatic tissues in approximately 25% of control and
tnnt2a morphants at 48 hpf (Fig. 5B). We isolated hearts from
control and tnnt2amorphants and found significant upregulation of
efnb2a and nrg1 expression in tnnt2a morphant hearts with NICD
Fig. 3. Notch activation in the ventricular
endocardium. (A-F) Confocal z-stack
maximal intensity projection of hearts from
double transgenic Tg(Tp1:VenusPest);
Tg(myl7:dsRed) embryos at designated
time points, with Tp1:VenusPest expression
in green and cardiomyocytes marked in red.
Scale bar: 50 μm. a, atrium; v, ventricle.
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overexpression at 2-3 dpf (Fig. 5C,D). However, this upregulation
was not sufficient to induce cardiac trabeculation in tnnt2a
morphants (Fig. 5E-H′).
Primary cilia are required for Notch activation in endocardial
cells
We next asked how endocardial cells detect cardiac contraction to
modulate Notch in the ventricle. Cardiac contraction exposes
endocardial cells to mechanical forces across many different length
and time scales (Bartman et al., 2004; Boselli et al., 2015; Lee et al.,
2013; Vermot et al., 2009). Endocardial cells are particularly well
positioned to detect hemodynamic forces, including shear
stress (the frictional force of parallel flow). Endothelial primary
cilia (microtubule-based sensory organelles that, in certain
hemodynamic environments, protrude into the lumen of blood
vessels) have a well-established role in detecting low levels of flow
(Culver and Dickinson, 2010; Hahn and Schwartz, 2009; Slough
et al., 2008; Van der Heiden et al., 2006). Recently, Goetz et al.
(2014) demonstrated that endothelial primary cilia in the zebrafish
vasculature are highly sensitive to low-magnitude shear forces from
24 to 28 hpf to regulate vascular development. Thus, we
hypothesized that primary cilia play a key role in flow detection,
leading to notch1b upregulation and Notch1 activation in
endocardial cells.
We validated the presence of primary cilia on endocardial cells
around the time of Notch1 activation using Tg(actb2:Arl13b-GFP)
transgenic embryos, where Arl13b-GFP localizes to primary cilia
(Borovina et al., 2010). Although promoter activity for this
transgene is higher in myocardial than endocardial cells, primary
cilia can be detected in both cell layers (Fig. S9A,B). Given their
potential role in flow detection, we focused on characterizing
endocardial primary cilia. At 30 hpf, individual endocardial cells of
non-injected embryos, control morphants and tnnt2 morphants
possess a single, primary cilium projecting into the lumen of the
heart (Fig. 6A-B′; Fig. S10A-B″). This indicates that endocardial
cells possess primary cilia and that ciliation is independent of
cardiac contraction.
Mutations in intraflagellar transport 88 homolog (ift88) cause
ciliopathies in zebrafish (Kramer-Zucker et al., 2005; Lunt et al.,
2009; Neugebauer and Yost, 2014; Tsujikawa and Malicki, 2004),
and ift88 morphants have deficiencies in endothelial primary
cilia formation (Goetz et al., 2014). Likewise, we observed
mislocalization of Arl13b-GFP in ift88 morphants (arrowheads in
Fig. S10A-C). To test whether endocardial primary cilia are
involved in zebrafish ventricular endocardial Notch1 activation, we
knocked down ift88 in Tg(Tp1:VenusPest); Tg(myl7:dsRed) double
transgenic embryos and evaluated Notch1 activation in the
morphants. Compared with control morphants, VenusPest
expression was either undetectable or restricted to a few cells in
the heart in cilia-deficient ift88 morphants (Fig. 6C-D′).
Importantly, these morphants also exhibited reduced trabeculation
(Fig. 6E-F′). Using images from whole-mount embryos, we
compared mean fluorescence intensity of VenusPest in the
ventricle and found a significant reduction in VenusPest
expression in ift88 morphants compared with control morphants
(Fig. 6G). Additionally, we isolated hearts from ift88morphants and
found a significant reduction in notch1b and nrg1 expression
(Fig. 6H,I).
Fig. 4. Cardiac contraction promotes
trabeculation through notch1b-efnb2a-nrg1
epistasis. (A,B,C) Mid-chamber confocal optical
section of Tg(myl7:dsRED); Tg(kdrl:EGFP) double
transgenic (A) control, (B) notch1b and (C) efnb2a
morphant (MO) hearts, showing cardiomyocytes in
red and endocardial cells in green.
(A′,B′,C′) Magnified high-resolution images of the
cardiac regions highlighted by dotted lines in A,B,
C. (D-F) Expression of notch1b, efnb2a and nrg1 in
hearts isolated from (D) tnnt2a, (E) notch1b and
(F) efnb2a morphants compared, normalized to
expression in control morphant hearts (dashed
line). *P≤0.05-0.01, **P≤0.01-0.001, ***P<0.001
compared with control morphants (one-sample
t-test compared with control morpholino fold
change=1). Error bars are s.e.m. White arrows
point to trabeculae. Scale bars: 50 μm in C;
10 μm in C′.
4084











Primary cilia are required at the onset of flow for Notch1
activity
Although our data support a model in which primary cilia respond to
luminal flow to activate Notch transcription, the loss of endocardial
Notch activation in ift88morphants could be secondary to a role for
primary cilia in early embryogenesis (Gerdes et al., 2009; Sasai and
Briscoe, 2012). To address this possibility, we used a
pharmacological approach to define when primary cilia are
necessary for endocardial Notch activation. Ciliobrevin D (CBD)
inhibits the AAA+ ATPase motor cytoplasmic dynein and
significantly reduces the microtubule cycling necessary to
construct and maintain primary cilia (Firestone et al., 2012). We
Fig. 5. Notch1 activation rescues efnb2a and nrg1 expression in non-contractile hearts. (A) Experimental schematic diagram of morpholino injection and
heat-shock overexpression of NICD. qRT-PCR and imaging were performed to examine gene expression and trabecular phenotype at 2-3 and 4 dpf, respectively.
(B) Representative whole-mount images of cardiomyocytes (red) and Notch reporter (green) in (a,b) control and (c,d) tnnt2amorphants at 48 hpf (a,c) without or
(b,d) with NICD overexpression. (C,D) Expression of efnb2a and nrg1 in hearts isolated from (C) control morphants and (D) tnnt2a morphants, comparing gene
expression in embryos with or without NICD overexpression. (E-H) Confocal mid-chamber optical section of 4 dpf hearts, with dotted lines marking the inset
magnified in E′-H′. #P≤0.075-0.05, *P≤0.05-0.01, **P≤0.01-0.001, ***P<0.001 compared with control morphants (one-sample t-test compared with control
morpholino fold change=1). Error bars are s.e.m. White arrows highlight trabeculae. a, atrium; HS−, heat shock control without NICD overexpression; HS+, heat
shock control with NICD overexpression; NICD, Notch intracellular domain; v, ventricle. Scale bars: 50 μm in H; 10 μm in H′.
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treated Tg(Tp1:VenusPest)-positive embryos with DMSO or CBD
starting at 18-24 hpf and assessed VenusPest expression at
42-48 hpf (Fig. S11A-D). DMSO injection at any of these times
had no effect on VenusPest expression level (Fig. S11A,B,E).
Embryos injected with CBD at 18 or 20 hpf had reduced VenusPest
expression (Fig. S11C,E), whereas embryos injected with CBD
Fig. 6. Shear stress promotes notch1 expression in a primary cilia-dependent manner. (A-B′) The hearts of Tg(actb2:Arl13b-GFP) embryos were examined
by confocal microscopy to assess localization of primary cilia in the endocardium. (A) Tg(actb2:Arl13b-GFP) reporter expression in the heart. The schematic
diagram indicates the orientation of the heart and confocal section relative to the whole embryo at 30 hpf. (B) High-resolution view of a Tg(actb2:Arl13b-GFP)
embryo merged with (B′) a bright field image demonstrating colocalization of the primary cilium base with an endocardial cell. (C,D) Whole-mount Tg(myl7:
dsRed); Tg(Tp1:VenusPest) double transgenic (C) control and (D) ift88 morphants (MO) at 48 hpf. The hearts are marked with dashed circles. (C′,D′) Confocal
maximal projection of the heart from the individual embryos shown in C,D, overlaying cardiomyocytes (red) and Notch reporter (green). (E,F) Confocal optical
section of the (E) control and (F) ift88 morphant embryo cardiomyocytes (red) at 80 hpf. The insets marked by the dotted rectangle were magnified in E′,F′.
(G) Quantification of ventricular Notch reporter (EGFP) MFI from whole-mount embryos at 48 hpf. (H,I) Relative expression of (H) notch1b and (I) nrg1 in control
and ift88morphant hearts. (J-L) Expression of (J) Notch1, (K) Efnb2 and (L)Nrg1 in DMSO- or 50 μMCBD-treated MLECs that were exposed to 2 dyn/cm2 shear
stress for 4 h compared with static DMSO- and CBD-treated controls. Red arrows highlight Arl13b-GFP in the endocardium. Blue arrows highlight Notch reporter
signal in neural tissue. White arrows highlight trabeculae. *P≤0.05-0.01, **P≤0.01-0.001, ***P<0.001 compared with control morphants (one-sample t-test
compared with 1.0-fold change or Student’s t-test). Error bars are s.e.m. Scale bars: 50 μm in A; 10 μm in B,B′,F′; 100 μm in F. a, atrium; CBD, ciliobrevin D;
lu, lumen; MFI, mean fluorescence intensity; v, ventricle.
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from 22 or 24 hpf were indistinguishable from DMSO-injected
controls (Fig. S11D,E). Given a time delay between initiation of
treatment and sufficient accumulation for biological effects, these
data suggest that Notch1 expression in the endocardium requires
primary cilia in a short time window coincident with the onset of
flow.
Primary cilia probably detect low-magnitude shear stress to
upregulate Notch in ventricular endocardial cells
Primary cilia have two well-defined, independent functions:
facilitating Hedgehog (Hh) signaling and detecting low-
magnitude shear stress (Anderson, 2006; Egorova et al., 2012;
Goetz et al., 2014; Hierck et al., 2008; Roy, 2012; Van der Heiden
et al., 2011; Wilson and Stainier, 2010). To determine whether Hh
signaling is necessary for endocardial Notch activation, we treated
Tg(Tp1:VenusPest); Tg(myl7:dsRed) Notch reporter embryos with
cyclopamine to antagonize Hh signaling downstream of primary
cilia (Chen et al., 2002; Stanton and Peng, 2010). Embryos treated
with cyclopamine from 4 to 48 hpf exhibited severe body axis
deformities indicative of successful inhibition of Hh signaling
(Fig. S12A,B). Embryos treated with cyclopamine from 18 to
48 hpf and 24 to 48 hpf did not exhibit defects in Notch activation
(Fig. S12C-J). This argues against a role of canonical Hh signaling
in controlling endocardial Notch activation, and implicates primary
cilia flow detection in endocardial Notch activation and cardiac
trabeculation.
Flow magnitude and directionality influence the biological
responses elicited in endothelial cells. Although our data indicate
that flow is important for activating Notch, the differential roles of
shear stress magnitude and flow directionality are unclear. In
zebrafish, shear stress and retrograde flow at 2 dpf can be
manipulated through knockdown of gata1a and gata2a, two
transcription factor genes important for hematopoiesis (Vermot
et al., 2009). Interestingly, reducing hematocrit to reduce shear
stress and altering retrograde flow fraction in this manner lead to
neither reduced Notch reporter expression at 48 hpf nor loss of
trabeculation by 80 hpf (Fig. S13A-M). Increasing the retrograde
flow fraction by knocking down gata2a, with or without co-
knockdown of gata1a, slightly increased Notch activation in the
ventricle, although reduced ventricular size could also contribute to
this phenotype (Fig. S13E,F). Given that we see Notch activation as
early as 28 hpf, which is before the hematocrit comprises a large
fraction of blood volume, we suggest that these results support a role
for low levels of flow in Notch activation and cardiac trabeculation.
As contraction and flow cannot be decoupled in the developing
zebrafish ventricle by existing genetic means, we used an in vitro
model of shear stress to assess the role of primary cilia shear stress
detection in regulating Notch1 expression directly. We used
immortalized mouse embryonic endothelial cells (MLECs), which
are known to upregulate Notch pathway genes in response to shear
stress, to model endocardial cilia-dependent flow responses (Sweet
et al., 2013). MLECs were pretreated with either DMSO as vehicle
control or CBD to inhibit formation of primary cilia and exposed for
0 or 4 h to low-magnitude shear stress (<2 dyn/cm2), comparable to
the fluid forces exposed to endocardial cells in early heart
development (Goetz et al., 2014). We observed significant
elevation in Notch1, Efnb2 and Nrg1 in DMSO-treated MLECs
compared with static controls. Interestingly, this upregulation was
inhibited by CBD treatment (Fig. 6J-L). MLECs pretreated with
either DMSO or CBD demonstrated dynamic regulation of the flow-
response gene Kruppel-like factor 2 (Klf2), suggesting that some
non-cilia-based flow-detection mechanisms are not perturbed by
CBD treatment (Fig. S14). Interestingly, klf2awas also required for
endocardial Notch activation and trabeculation (Fig. S15). Thus,
shear stress stimulates endothelial cells to increase expression of
Notch1, Efnb2 and Nrg1 in a myocardium-independent manner.
Combined, these data indicate that primary cilia are important
mediators of shear stress to regulate endocardial Notch signaling
prior to trabeculation.
Together, our data support a model in which cardiac contraction
initiates flow, which is detected by primary cilia on endocardial
cells to activate a regulatory notch1-efnb2a-nrg1 pathway and
promote cardiac trabeculation (Fig. 7).
DISCUSSION
Trabeculation, the formation of muscular protrusions that increase
myocardial mass prior to coronary vascularization, is an essential
aspect of ventricular maturation (Liu et al., 2010; Moorman and
Christoffels, 2003; Samsa et al., 2013; Sedmera et al., 2000).
Although previous work clearly demonstrated the utility of
zebrafish embryo in studying cardiac morphogenesis, mechanistic
detail has been lacking to describe how mechanical forces guide the
cellular changes that execute heart chamber maturation in zebrafish.
In the present study, we present evidence supporting a model in
which flow, caused by cardiac contraction, is detected by primary
cilia on endocardial cells to stimulate notch1b expression and
regulate trabeculation through notch1b-efnb2a-nrg1 epistasis. Thus,
our study reveals a molecular mechanism that links flow sensing
and cell signaling to ventricular maturation in the developing heart.
Our previous work demonstrated that ErbB2 is required to initiate
trabeculation in the heart at 2 dpf (Liu et al., 2010). Examining this
phenotype further, we found that eliminating cardiac contraction by
injection of tnnt2a morpholino prevented trabeculation and
endocardial Notch activation but did not affect erbb2 expression
levels in the heart. Thus, we hypothesized that cardiac contraction
controls expression of the erbb2-erbb4 ligand, nrg1, to modulate
trabeculation. Previous studies in the mouse indicate a crucial role of
an endocardial Notch1-Efnb2-Nrg1 regulatory pathway in cardiac
trabecular formation (Grego-Bessa et al., 2007). We asked whether
these genes are required downstream of cardiac contraction for
zebrafish cardiac trabeculation. Indeed, notch1b and efnb2a
morphants lacked cardiac trabeculae at 3 dpf, and gene expression
analysis confirmed epistasis of notch1b-efnb2-nrg1 with respect to
cardiac contraction. Although the potential off-target effects of
morpholinos could limit our interpretation of the morphant
Fig. 7. Cardiac contraction activates endocardial Notch signaling in a
primary cilia-dependent manner to regulate trabeculation. Schematic
diagram. (Blue boxes) Cardiac contraction activates a regulatory Notch-Ephrin
B2a-Neuregulin 1 pathway in endocardial cells to activate ErbB2 signaling in
cardiomyocytes to promote trabeculation. (Red box) Given that Notch
activation in non-contractile hearts is not sufficient for trabeculation, cardiac
contraction also stimulates parallel pathways to promote trabeculation. (Purple
boxes) Cardiac contraction causes blood flow, which is likely to be detected by
primary cilia to activate Notch1.
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phenotypes, the fact that notch1b morphants and mib1 mutants
exhibit a similar trabecular defect supports a role of Notch signaling
in cardiac trabeculation. In addition, our data are also supported by
the work from the de la Pompa group showing that Efnb2 acts
directly downstream of Notch1 to regulate trabeculation (Grego-
Bessa et al., 2007). In addition to the trabeculation defect, we
noticed separation of the endocardium and myocardium. This
separation is also evident in sections and scanning electron
micrographs of mouse embryos with genetic deletion of Notch1,
Efnb2, Nrg1 and Bmp10 (Grego-Bessa et al., 2007). Whether this is
because of failure of the cardiac jelly to degrade or detachment of
the endocardium remains to be determined, but it appears to be a
defect common to many trabeculation phenotypes.
Notch signaling plays many roles in heart development. In
zebrafish, we had the opportunity to observe the pattern of Notch
activation directly with fine spatial and temporal resolution. The
highly stereotyped spatiotemporal distribution of Notch signaling
that we observed (Fig. 3) is interesting for several reasons. First,
although our data reaffirm the importance of Notch in vertebrate
trabeculation, our study indicates a somewhat different pattern of
Notch activation in zebrafish heart development. In zebrafish, Notch
is active shortly after initiation of blood flow and is not active in the
ventricular endocardium during trabeculation. In mice, the NICD is
localized in the nucleus of endocardial cells from E8.5 to E9.5
during the first stages of trabeculation, and subsequently is localized
preferentially in the nuclei of endocardial cells at the base of
trabeculae (Grego-Bessa et al., 2007). This might reflect differential
roles of Notch signaling in zebrafish versus mouse heart
development, possibly because of differences in heart size and
timing of major morphogenic processes. Second, the spatial
segregation of Notch activation between ventricle, atrium and
AVC endocardium from 1 to 3 dpf suggests that there are previously
underappreciated, underlying differences between endocardial cells
in these spatially distinct regions, leading to different roles in the
maturing heart. Whether their difference in Notch activation are
intrinsic properties or result from differential cues derived from the
overlying myocardium remains to be seen.
In the present study, we also provided evidence suggesting that
functional primary cilia are required at the onset of flow for notch1b
expression in the ventricular endocardium of the developing heart.
This expression is important for Notch activation and cardiac
trabeculation. Cardiac contraction and blood flow are intimately
associated and cannot be decoupled easily in the developing zebrafish
ventricle by genetic means. Although endocardial cells might arise
from either vascular endothelial cells or cardiac progenitors, they are a
type of endothelial cell and are highly sensitive to flow (Bussmann
et al., 2007; Kattman et al., 2006; Milgrom-Hoffman et al., 2011;
Moretti et al., 2006; Vermot et al., 2009). We used an in vitro system
to apply low-magnitude flow to endothelial cells to model
endocardial, cilia-dependent flow responses and found that flow
stimulated Notch1, Efnb2 and Nrg1 expression in the absence of
myocardially derived factors or circulating factors in the bloodstream.
This upregulation was blocked by pretreating cells with CBD, a small
molecule which inhibits the dynein motor protein responsible for
trafficking microtubules to primary cilia (Firestone et al., 2012).
Notably, although CBD treatment reduces the size and number of
primary cilia, it also regulates mitotic spindle formation and organelle
transport (Firestone et al., 2012). Thus, our interpretation does not
account for the possibility that our observed effects might result from
non-specific effects of CBD.
Although our data showed that a notch1b-efnb2a-nrg1 pathway is
required for cardiac chamber maturation, it is not the only genetic
network activated by cardiac contraction and involved in
trabeculation. Trabeculation is a complex morphogenic event that
requires precise coordination of molecular and cellular events in
both myocardial and endocardial cells. We found that, although
forced NICD expression was sufficient to upregulate efnb2a and
nrg1 in tnnt2a morphants, it did not induce trabeculation.
Curiously, it was also insufficient to rescue trabeculation in ift88
morphants (our unpublished data). Given that NICD was
overexpressed in all tissues, we suspect that the lack of
trabeculation might be because of an inhibitory role of myocardial
overactivated Notch1 signaling in cardiac trabeculation and a loss of
other primary cilia downstream signaling. It will be interesting to
use separate myocardial and endocardial Gal4 lines to investigate
the precise spatiotemporal role of Notch activation in regulating
chamber morphogenesis. Additionally, deficiencies in the luminal
protrusions extended by cardiomyocytes during trabeculation,
which are unstable in tnnt2a morphants, could limit trabeculation
in tnnt2a morphants (Staudt et al., 2014).
Our work prompts many important questions about primary cilia
and the role of hemodynamics in cardiac morphogenesis. Much
of the work on the role of hemodynamics in endocardial
morphogenesis has focused on valvulogenesis. Owing to its
position in the heart, the AVC is exposed to an extremely dynamic
flow environment in the embryo. Given that primary cilia
disassemble in high-shear-stress environments (Iomini et al.,
2004) and Notch activity becomes restricted to the AVC after
3 dpf, it will be interesting to explore the differential role of primary
cilia for Notch activation in AVC and ventricular endocardium.
Others have found that modifying the hemodynamic environment
in the heart can alter the position of trabeculae, suggesting that
other mechanosensors might be involved in later cardiac
morphogenesis (Peshkovsky et al., 2011). Interestingly, the flow
response gene klf2a is upstream of notch1b (Vermot et al., 2009)
and is required for Notch activation and cardiac trabeculation.
However, neither lowering the magnitude of shear stress nor
altering the retrograde flow fraction using gata1a, gata2a
or gata1a/2a morpholinos, as described by Vermot et al. (2009),
was capable of preventing endocardial Notch activation or
trabeculation; thus, much work remains to be done in order to
define the precise hemodynamic cues involved in endocardial
Notch activation.
Our work, combined with a recent study showing that primary
cilia bending in response to blood flow is a major regulator of
vascular development from 24 to 28 hpf (Goetz et al., 2014),
strongly suggest that primary cilia are involved in sensing low-
magnitude shear stress in vivo to regulate cardiovascular
morphogenesis. The precise mechanism by which primary cilia
detect flow is an area of active research. One theory suggests that
stretch-activated transient receptor potential (TRP) channels
coupled to primary cilia at the membrane are activated when
primary cilia bend, leading to increased intracellular calcium and
intracellular signaling (Delling et al., 2013; Goetz et al., 2014;
Yoshiba et al., 2012). Interestingly, mutations in the
mechanosensitive TRP family result in major valve defects, and
TRP channel activity appears to depend on an oscillatory flow
pattern (Heckel et al., 2015).
Overall, our data support a model in which endocardial primary
cilia are the physical mechanism by which endothelial cells detect
low flow to stimulate endocardial notch1b expression in the
zebrafish heart to promote ventricular chamber maturation. Future
studies are needed to determine the precise role of primary cilia in
detecting flow in the developing heart.
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Zebrafish husbandry and stocks
All animals were maintained at the aquaculture facility of the University of
North Carolina at Chapel Hill in accordance with Institutional Animal Care
and Use Committee approved protocols (Westerfield, 2000). The zebrafish
lines used in this study are as follows: tnnt2ab109 (Sehnert et al., 2002),
mibta52b (Itoh et al., 2003; Jiang et al., 1996; van Eeden et al., 1996),
Tg(myl7:GFP)twu26 (Huang et al., 2003), Tg(myl7:dsRed)vc6 (Rothschild
et al., 2009), Tg(myl7:mkateCAAX)sd11 (Lin et al., 2012), Tg(kdrl:
EGFP)s843 (Jin et al., 2005), Tg(kdrl:mCherry)s896 (Bertrand et al., 2010),
Tg(Tp1:EGFP)um14 (Parsons et al., 2009), Tg(Tp1:VenusPest)s940 (Ninov
et al., 2012), Tg(−1.5hsp70l:Gal4)kca4 (Scheer and Campos-Ortega, 1999),
Tg(UAS:notch1a-intra ICD)kca3 (Scheer et al., 2001) and Tg(actb2:Arl13b-
GFP)hsc5Tg (Borovina et al., 2010). In all studies, embryos were maintained
at 28.5°C in either embryo water or system water and treated continuously
with 0.003% 1-phenyl 2-thoiurea starting at 20-24 hpf.
Morpholino injections
Morpholino oligonucleotides (see Table S1) were diluted in 5 mM HEPES
containing 0.05% Phenol Red, and 1 nl was injected into a minimum of 100
embryos at the one-cell stage.
Drug treatments
For pharmacological inhibitor studies, dechorinated embryos were treated in
4 ml of 6 μM blebbistatin (Cell Signaling) in embryo water or 200 μg/ml
verapamil (Sigma) in 1% DMSO-containing embryo medium (5 mMNaCl,
0.17 mM KCl, 0.33 mM CaCl2 and 0.33 mMMgSO4, pH 6.8-6.9). Further
details of embryo drug treatments are given in the supplementary Materials
and Methods.
Imaging and processing
Anesthetized embryos were mounted in low-melt agarose (Sigma) in
embryo medium and manually oriented for optimal visual access to
the heart. Epifluorescence images were collected on a Leica M205C
fluorescence stereoscope. Data were collected for a minimum of 10 embryos
and quantified using ImageJ (Schneider et al., 2012). For confocal images,
embryos were sacrificed and the top 75% of the heart was imaged using a
Olympus Fluoview 1000MPE microscope. Confocal data were collected for
a minimum of three embryos for each condition representative of pool of a
minimum of n>12 embryos that were visually inspected for phenotype. For
further details of microscopy, image collection and analysis parameters
please refer to the supplementary Materials and Methods.
In situ hybridization
In situ hybridization was performed as previously described (Liu and
Stainier, 2010). The in situ hybridization probe for notch1bwas prepared as
previously described (Milan et al., 2006) and synthesized from pGEMT
vector (Promega) using the DIG RNA labeling kit (Roche). Whole-mount
embryo imaging was performed on a Leica MZ16F fluorescence
stereomicroscope.
Heart isolation
Hearts were manually isolated from embryos sacrificed at 48-72 hpf using a
Leica M205C fluorescence stereomicroscope and visualizing cardiac tissue
using Tg(myl7:EGFP) signal, then trimmed free of non-cardiac tissue and
transferred to ice-cold lysis buffer. Tissue was homogenized, and RNAwas
isolated from the homogenate using the RNAeasy Micro kit (Qiagen).
Single-strand complementary DNA synthesis was performed on freshly
isolated RNA using the Bio-Rad iScript cDNA synthesis kit. At least ten
hearts were pooled for each condition.
Cell culture
MLECs were prepared as described previously (Sweet et al., 2012). MLECs
at passage 38-45 were cultured on gelatin-coated plastic tissue culture plates
and maintained in DMEM (Gibco, 11995), 10% fetal bovine serum
(Sigma), 1% penicillin-streptomycin (Gibco), 1% non-essential amino acids
(Gibco) and 0.009% β-mercaptoethanol.
In vitro shear stress
Confluent, cobblestone-stage MLECs were starved for 12-16 h in culture
media (described in the previous subsection) containing 1% fetal bovine
serum, then pretreated with DMSO or 50 μM ciliobrevin D (Millipore) for
2 h before initiation of flow. Shear stress, 2 dyn/cm2, was generated using a
previously described cone and plate viscometer (Sorescu et al., 2003). After
0, 1 or 4 h exposure to shear stress, cells were washed with ice-cold PBS
then lysed and RNA was extracted using Trizol (Invitrogen) according to
manufacturer’s instructions. RNAwas reverse transcribed using Superscript
III First-Strand Synthesis Supermix (Invitrogen) and gene expression
assessed as described below.
Expression analysis
For qRT-PCR, the National Center for Biotechnology Information’s Primer-
BLAST was used to design exon-spanning, gene-specific SYBRGreen
primers. All primers were validated by high-resolution melt analysis, size
confirmation, RNA-only and no-template controls. See Table S2 for primer
sequences. SybrGreen real-time PCR was performed in triplicate using Viia7
real-time PCR system (Invitrogen). For quantification, we used the ΔΔCt
method, in which raw Ct values were normalized to actb as a housekeeping
gene and appropriate baseline condition, then fold change calculated as 2−ΔΔCt.
Statistical analysis
Values are presented as means±s.e.m. Statistical significance was
determined by one-sample t-test (between one group and a reference
value) or Student’s t-test (between two groups).
Acknowledgements
We thankDrs Vicki Bautch, Nathan Lawson and Brian Ciruna for fish stocks.We also
thank the University of North Carolina Olympus Imaging Research Center for
confocal microscope use, and the University of North Carolina Zebrafish
Aquaculture Core Facility for fish care and microscope use. We thank David Staudt
for discussion during the early stages of this work.
Competing interests
The authors declare no competing or financial interests.
Author contributions
L.A.S. designed and performed the majority of experiments, analyzed data and
wrote the manuscript. C.G. designed and assisted with the in vitro flow experiment.
E.T., D.Y.R.S. and L.Q. provided intellectual input and supervised the work. J.L.
designed and performed experiments, analyzed data and wrote the manuscript. All
authors commented on the manuscript.
Funding
L.A.S. and C.G. are supported by National Institutes of Health T32 grant [HL069768-
14; PI, Nobuyo Maeda]. This study was supported by National Institutes of Health/
National Heart, Lung, and Blood Institute [R00 HL109079 grant] and American Heart
Association [grant 15GRNT25530005 to J.L.], National Institutes of Health/National
Heart, Lung, and Blood Institute [1R01HL117256 grant to E.T.], National Institutes
of Health/National Heart, Lung, and Blood Institute [1RO1HL54737 to D.Y.R.S.],
the American Heart Association Scientist Development Grant [13SDG17060010
to L.Q.] and the Ellison Medical Foundation New Scholar Grant [AG-NS-1064-13 to
L.Q.]. Deposited in PMC for release after 12 months.
Supplementary information
Supplementary information available online at
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.125724/-/DC1
References
Anderson, K. V. (2006). Cilia andHedgehog signaling in themouse embryo.Harvey
Lect. 102, 103-115.
Aulehla, A., Wiegraebe, W., Baubet, V., Wahl, M. B., Deng, C., Taketo, M.,
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